We report a simple yet general approach to monodisperse MPt (M = Fe, Co, Ni, Cu, Zn) nanoparticles (NPs) by coreduction of M(acac)2 and Pt(acac)2 (acac = acetylacetonate) with oleylamine at 300°C. In the current reaction condition, oleylamine serves as the reducing agent, surfactant, and solvent. As an example, we describe in details the synthesis of 9.5 nm CoPt NPs with their compositions controlled from Co37Pt63 to Co69Pt31. These NPs show composition-dependent structural and magnetic properties. The unique oleylamine reduction process makes it possible to prepare MPt NPs with their physical properties and surface chemistry better rationalized for magnetic or catalytic applications.
MPt nanoparticles (NPs) with M = Mn, Fe, Co, Ni, or Cu have attracted much attention in recent years due to their strong ferromagnetism (from FePt and CoPt) 1−6 and their much enhanced catalysis for electrochemical reactions. 6−15 These alloy NPs with controlled sizes and compositions are now routinely prepared either by decomposition/reduction of metal carbonyls and metal salts, or by coreduction of two metal salts. Despite the nearly precise control achieved on NP sizes and compositions, each of these previous syntheses is specific for one typical kind of MPt NPs. For example, thermal decomposition of Fe(CO)5 and reduction of Pt(acac)2 (acac = acetylacetonate) is commonly used to prepare monodisperse FePt NPs with Fe/Pt composition controls. 16−22 When this reaction is applied to prepare CoPt NPs via decomposition of Co2(CO)8 and reduction of Pt(acac)2, only Pt-rich CoPt NPs can be produced. 23, 24 The same is true for the synthesis of MnPt via decomposition of Mn2(CO)10 and reduction of Pt(acac)2. 25, 26 To prepare other types of MPt (M = Ni, Cu) NPs, metal salt coreduction has to be used because Ni and Cu carbonyls are not readily available. 27−29 In principle, metal salt reduction reaction should be a general approach to different MPt NPs, but the reduction potential differences between M-and Pt-salts and the need to control MPt nucleation and growth often require the use of a specific reducing agent for each synthesis. 30−32 Considering the sensitivity of MPt NP magnetism and catalysis over M/Pt compositions and surface chemistry, it is important to have a generalized synthetic process so that each kind of MPt NPs can be prepared in a very similar reaction condition and their magnetic and catalytic properties can be better controlled and compared.
Here, we report a facile, yet general, synthesis of monodisperse MPt (M = Fe, Co, Ni, Cu, Zn) alloy NPs via oleylamine (OAm) reduction of M(acac)2 and Pt(acac)2. OAm is widely used in the solution phase synthesis of NPs. 33 It is a primary amine with the boiling point around 350°C. Its −NH2 group has a relatively weak binding power to transition metals, especially to later transition metals. This, plus its long hydrocarbon chain, makes OAm an ideal surfactant to control NP growth, NP stabilization, and NP surface chemistry. Furthermore, OAm can also function as a weak reducing agent in high-temperature solution phase syntheses of metal and metal oxide NPs. 34−36 The unique feature of our synthesis is that OAm serves as the solvent, surfactant, and reducing agent and the desired MPt NPs are prepared simply by reacting M(acac)2 and Pt(acac)2 in OAm at 300°C. The size of the MPt NPs can be readily controlled and the M/Pt compositions are tuned by the molar ratios of M(acac)2/Pt(acac)2. Our synthesis simplifies the NP nucleation and growth condition, making it possible to rationalize the NP structural and surface properties for magnetic and catalytic applications.
As an example, we first demonstrated the synthesis of CoPt NPs. In a typical synthesis, 0.5 mmol of Co(acac)2, 0.5 mmol of Pt(acac)2, and 20 mL of OAm were first mixed at room temperature. Then the solution was heated to 300°C at a heating rate of 5°C/min and kept at 300°C for 1 h before it was cooled down to room temperature. The product was separated, purified, and redispersed in hexane. This synthesis gave Co47Pt53 as analyzed by inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
The Co47Pt53 NP size and shape were analyzed by transmission electron microscopy (TEM) (fig. 1A) . Most of the NPs are polyhedral, but a small fraction of them show an egglike shape. The polyhedral NPs have an average diameter of 9.5 ± 0.8 nm. High-resolution TEM (HRTEM) image of a representative Co47Pt53 NP ( fig. 1B) shows that the NP has the well-defined and uniformly spaced lattice fringes with the fringe distance measured to be 0.22 nm, corresponding to the (111) interplanar spacing (0.221 nm) in the face centered cubic (fcc) CoPt alloy structure. X-ray diffraction (XRD) patterns of the NP assemblies (Supporting Information fig. S1 ) show the typical (111), (200), and (220) diffractions of the fcc-CoPt. The results from both HRTEM and XRD analyses indicate that CoPt NPs have a solid solution structure. The alloy structure is further characterized by the high-angle annular dark field (HAADF) image and by the atomically resolved scanning transmission electron microscopy-EDS (STEM-EDS) of four representative Co47Pt53 NPs ( fig. 1C−H) . The uniform distribution of Co (red) and Pt (green) within each NP is clearly seen ( fig. 1D−G) , which is also confirmed by linear scan EDS analysis across a Co47Pt53 NP ( fig. 1H ). These characterizations prove that in the current reaction condition, OAm can facilitate the nucleation and growth of CoPt into the solid solution structure. The composition of the CoPt NPs could be tuned by the amounts of Co(acac)2 added in the synthesis. We found that by keeping the amount of Pt(acac)2 constant at 0.5 mmol and changing the amount of Co(acac)2 from 0.3 to 1.0 mmol, Co contents in the NPs were controlled from 37 to 69%. The amount of Co(acac)2 added in the synthesis and the final Co and Pt contents in NPs have a linear fitting ( fig. 2A ), indicating that it is easy to tune the compositions of the NPs by changing the amounts of two metal precursors. Figure 2B ,C and Supporting Information figure S2 show the TEM images of the CoPt NPs of three compositions (Co37Pt63, Co59Pt41, and Co69Pt31). Despite the change in composition, these NPs have very similar size (9.5 nm) and size distribution. The XRD patterns of these CoPt NPs (Supporting Information fig. S1 ) show similar patterns that belong to the fcc-CoPt struc-ture. With the Co composition in NPs increased, the (111) peaks shift to higher angle, indicating the reduction of (111) interplanar spacing. The relationship between the lattice constants a derived from the XRD patterns and the Co compositions in the NPs is shown in figure 2D . There is a typical linear relationship between the lattice constants a and the Co compositions (Vegard's law), confirming that all as-synthesized NPs have a solid solution structure. To have a better understanding on the CoPt NP growth in the current OAm reduction condition, we monitored NP formation at different reaction temperatures (130−300°C). At 130°C, no NPs were separated. NPs started to form after heating at 150°C for 1 h. However, the size and morphology of the NPs were not uniform, having a mixture of round and starshaped NPs and nanorods (Supporting Information fig. S3A ) and the NPs had an average composition of Co40Pt60. XRD patterns of these NPs showed the typical diffraction peaks of the fcc-CoPt (Supporting Information fig. S4 ). When the reaction temperature was raised to 200°C, the NPs have the polyhedral morphology (Supporting Information fig. S3B ). The NP composition approached Co47Pt53, the final composition from the CoPt product separated from 300°C reaction. As a control, we reacted only Pt(acac)2 or Co(acac)2 with OAm at 150°C. We found that reaction of OAm with Pt(acac)2 led to the formation of star-shaped fcc-Pt NPs as confirmed by TEM (Supporting Information fig. S3C ) and XRD (Supporting Information fig. S4 ), while reaction with Co(acac)2 yielded very small amount of Co NPs (Supporting Information fig. S3D ). XRD patterns of these Co NPs (Supporting Information fig. S4 ) contained peaks from hexagonal close-packed (hcp)-Co, Co3O4, and CoO in which the oxide peaks must originate from the oxidation of Co NPs. These results suggest that OAm can reduce both Pt(acac)2 and Co(acac)2 at 150°C, and the Co-reduction/nucleation/growth process was slower than the Pt-one. This series of experiments confirm that OAm can indeed reduce both Pt(acac)2 and Co(acac)2, and the formed Pt and Co atoms tend to nucleate together to form CoPt NPs with a solid solution structure.
In all the syntheses of CoPt we have described, Pt(acac)2 was fixed to be 0.5 mmol. In this case, 9.5 nm CoPt NPs were separated and their sizes seemed to be independent of the Co/Pt composition changes. Alternatively, the sizes of the CoPt NPs could be controlled by adding borane t-butylamine (BBA), a slightly stronger reducing agent than OAm, to promote metal salt reduction and CoPt formation. For example, mixing 1.1, 0.55, and 0.275 mmol BBA in the reaction mixture containing 0.5 mmol of Co(acac)2, 0.5 mmol of Pt(acac)2, and 20 mL of OAm led to the formation of around 3.5 ± 0.4 nm Co39Pt61, 5.0 ± 0.5 nm Co41Pt59, and 7.5 ± 0.7 nm Co45Pt55 NPs, respectively (Supporting Information fig. S5A−C) . In the synthesis, the color of the reaction solution changed from dark red to black at around 70, 75, and 80°C when 1.1, 0.55, and 0.275 mmol BBA were added in the reaction, respectively. As a comparison, without BBA, the color of the reaction solution turned to black at round 140°C. These indicate that the addition of BBA resulted in faster metal salt reduction and the formation of CoPt seeds, producing smaller NPs. XRD patterns of the as-synthesized NPs with different size show that all the NPs have fcc-CoPt structure (Supporting Information fig. S6 ).
The OAm-initiated reaction can be extended to the synthesis of other types of MPt NPs. Similar to what we have described in the study of CoPt NPs, we characterized these MPt NPs with TEM, XRD, and ICP-AES. For example, with the amount of Pt(acac)2 fixed at 0.5 mmol in 20 mL OAm, adding 0.5 mmol each of Zn(acac)2, Cu(acac)2, Fe(acac)3, and Ni(acac)2 yielded 5.0 ± 0.5 nm Zn48Pt52, 6.0 ± 0.5 nm Cu50Pt50, 9.5 ± 1.0 nm Fe49Pt51, and 10 ± 1.5 nm Ni46Pt54 NPs with fcc-type solid solution structure (Supporting Information fig. S7 and S8). In the synthesis, we failed to produce MnPt with measurable Mn content in the attempted synthesis of MnPt with Mn(acac)2 as the metal precursor. In such syntheses, a stronger reducing agent, such as BBA, should be added in the reaction mixture. From this series of syntheses, we can also see that OAm as a reducing agent is not strong enough to reduce Mn(acac)2.
The OAm-controlled synthesis of MPt NPs makes it possible to study and compare MPt NP properties. As an example, we studied magnetic properties of the as-synthesized 9.5 nm CoPt NPs. All CoPt NPs are superparamagnetic at room temperature with their magnetic moment increasing with the Co content ( fig. 3A) . At 10 K, they are ferromagnetic ( fig.  3B ) with their saturated magnetizations (Ms) dependent on Co content in the NPs but their Hc staying nearly constant at 1.0 kOe. This is consistent with what has been observed that magnetic moments of the alloy increase with the amount of ferromagnetic element present in the alloy structure and the coercivity is controlled by the magnetocrystalline anisotropy of the NPs. It further confirms that our CoPt NPs prepared from OAm reduction method have the same fcc-like solid solution structure. The changes of magnetization behavior of the CoPt NPs over temperature are studied by zero-field cooling (ZFC) and field cooling (FC) measurements. 37 Figure 4 shows the ZFC/FC curves of all four different kinds of CoPt NPs. From these ZFC/FC curves, we can see that all CoPt NPs are superparamagnetic at room temperature but their superparamagnetic blocking temperatures (TB) increase from 105 to 205 K with increasing Co content from 37 to 69%. This indicates that increasing the ferromagnetic element Co content in the alloy structure might enhance the anisotropy barrier of the NPs, which could stabilize the magnetization transition within the CoPt alloy NPs. When annealed, these fcc-structured NPs could be converted to an intermetallic facecentered tetragonal (fct) structure, 38 and fct-CoPt NPs showed strong ferromagnetism at room temperature. To achieve the structure transformation, we annealed the 9.5 nm CoPt NPs at 600 °C under Ar + 4% H2 for 1 h. Figure 5A shows the room temperature hysteresis loop of the annealed Co47Pt53 NPs. They have room-temperature coercivity (Hc) at 4.3 kOe and Mmax at 28.7 emu/g (annealed sample). Other types CoPt NPs were also annealed, and they all showed ferromagnetic properties. Figure 5B summarizes In summary, we have demonstrated a facile synthesis of monodisperse CoPt NPs by coreduction of Co(acac)2 and Pt(acac)2 with OAm at 300°C. The unique feature of this synthesis is that OAm in the synthesis serves as surfactant, solvent, and reducing agent. The NP size is controlled at 9.5 nm, and the compositions are tuned by the molar ratios of metal precursors. The synthetic controls achieved in both NP size and compositions in a very similar reaction condition allow detailed studies on their magnetic properties. All CoPt NPs are superparamagnetic at room temperature with their magnetic moments increasing linearly with the Co-composition in CoPt structure. Once annealed, the CoPt NPs can become room temperature ferromagnets with the Co47Pt53 NPs showing the highest Hc of 4.3 kOe. The synthesis is not limited to CoPt NPs but can be extended to FePt, NiPt, CuPt, and ZnPt as well. It represents a general approach to Pt-based bimetallic NPs and will enable the detailed investigation of Pt-based alloy NPs for various magnetic or catalytic applications.
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Materials and Methods
Materials
Oleylamine (OAm, >70%), Pt(acac)2 (acac=aceylacetonate) (99%), Cobalt(II) acetylacetonate (Co(acac)2) hydrate (97%), Zinc(II) acetylacetonate (Zn(acac)2) hydrate, Copper(II) acetylacetonate (Cu(acac)2) (97%), Iron(III) acetylacetonate (Fe(acac)3) (99%), Nickel(II) acetylacetonate (Ni(acac)2) (95%), Borane t-butylamine (BBA) (97%), hexane (98.5%), isopropanol (99.5%), ethanol (100%) were all purchased from Sigma Aldrich. Characterization X-ray diffraction (XRD) characterization was carried out on a Bruker AXS D8-Advanced diffractometer with Cu Kα radiation (λ = 1.5418 Å). The inductively coupled plasmaatomic emission spectroscopy (ICP-AES) analyses were carried on a JY2000 Ultrace ICP Atomic Emission Spectrometer equipped with a JY AS 421 autosampler and 2400g/mm holographic grating. Samples for transmission electron microscopy (TEM) analysis were prepared by depositing a single drop of diluted particle dispersion in hexane on amorphous carbon coated copper grids. TEM images were obtained with a Philips CM 20 operating at 200 kV. High-resolution TEM (HRTEM) and the atomically resolved scanning transmission electron microscopy-EELS (STEM-EDS) images were obtained on a Fei Tecnai Osiris with an accerating votalage of 200 kV. Magnetic properties were measured by a Physical Properties Measurement System (PPMS) up to 70 kOe and a Lakeshore 7404 high sensitivity vibrating sample magnetometer (VSM) with fields up to 15 kOe.
Synthesis of Co47Pt53 nanoparticles (NPs)
0.5 mmol of Co(acac)2, 0.5 mmol of Pt(acac)2, and 20 mL of OAm were first mixed at room temperature. Then the solution was further heated to 300°C at a heating rate of 5°C/min and kept at 300°C for 1 h before it was cooled to room temperature. Then the heating source was removed, and the solution was cooled to room temperature, after which the solution was exposed to air. A black product was precipitated by adding 40 ml of ethanol, and separated by centrifugation. Finally, the product was dispersed in hexane.
Synthesis of Zn48Pt52, Cu50Pt50, Fe49Pt51 and Ni46Pt54 NPs
Under the conditions described in the synthesis of Co47Pt53 NPs, 0.5 mmol of Pt(acac)2 and 20 mL of OAm were first mixed with 0.5 mmol Zn(acac)2, 0.5 mmol Cu(acac)2, 0.5 mmol Fe(acac)3 and 0.5 mmol Ni(acac)2 at room temperature, respectively. Then the solution was further heated to 300°C at a heating rate of 5°C/min and kept at 300°C for 1 h. Then the NPs were also separated and purified by using hexane, ethanol, and centrifugation. Finally, the particles were kept in hexane. 
